Introduction
============

Approximately 40 years ago, there came great curiosity about the possible long-term effects of substances on the human brain.[@b1-ndt-12-1355] Advances in neuroimaging and analysis methods have given researchers the opportunity to study the neurobiological correlates of the chronic and acute effects of alcohol and other substances.[@b2-ndt-12-1355] Many studies have examined the structural brain differences in order to gain more insight into the brain regions that are relevant to the development and maintenance of addiction. A number of structural magnetic resonance imaging (MRI) studies have demonstrated that chronic alcohol and substance exposure is associated with morphological differences in several brain regions, especially the orbitofrontal cortex.[@b3-ndt-12-1355] Most of the neuroimaging studies have been conducted in monoalcohol/substance users, while the majority of the treatment-seeking substance users consists of polysubstance users. Although numerous studies investigated the sole effects of each substance on the brain, no conclusive results are available concerning which specific brain regions are affected by single substance use.[@b4-ndt-12-1355],[@b5-ndt-12-1355] Substances from different classes may be combined by substance users to enhance the anticipated effects of each substance or to alleviate the adverse effects of other substances such as craving or withdrawal.[@b6-ndt-12-1355] The combined use of three or more substances with the purpose of intoxication may have cumulative or synergistic adverse effects on the brain function via complicated interactions between substances.[@b7-ndt-12-1355] Studies that explored brain structural differences using voxel-based morphometry (VBM) in polysubstance users are very limited. In 1998, Liu et al[@b8-ndt-12-1355] first reported that individuals with a history of polysubstance use have smaller prefrontal and temporal lobes than control subjects. These volume abnormalities were found only in gray matter (GM), while no volumetric abnormalities were detected in the white matter. Liu et al[@b8-ndt-12-1355] speculated that the observed abnormalities in the temporal lobe could be a consequence of prefrontal deficits due to the extensive interconnections between the temporal lobe and the prefrontal cortex. Schlaepfer et al[@b9-ndt-12-1355] found smaller white matter volume percentages in only the frontal cortex in polysubstance users than in comparison to matched control subjects. Tanabe et al reported reduced medial orbitofrontal cortex GM volume in polysubstance-dependent individuals after prolonged abstinence. This volume loss was related to pathological decision making capacity.[@b10-ndt-12-1355] Dalwani et al[@b11-ndt-12-1355] reported reduced cortical GM volumes in the dorsolateral prefrontal cortex, the inferior frontal gyrus, and the cerebellum in male adolescents with substance and conduct problems. Grodin et al indicated that abstinent polysubstance users have a reduced GM in the right inferior temporal gyri, the medial frontal lobe, the superior frontal gyrus, the cingulate and paracingulate gyri, and the middle/superior frontal gyri. These volume alterations were not related to comorbid Axis I diagnoses such as anxiety disorders, depressive disorders, and posttraumatic stress disorders.[@b12-ndt-12-1355] Mon et al[@b13-ndt-12-1355] found that polysubstance users had a larger lobar white matter volume and smaller GM volume in the temporal lobe, thalamus, and lenticular nucleus than light drinkers and one-month-abstinent alcohol-dependent individuals. Tanabe et al differed from previous studies with the findings of insular cortex thinning but not orbitofrontal cortex (OFC) alterations regarding frontolimbic pathway involvement in behaviors related to polysubstance dependence. In their study, they concluded that the brain morphology in substance dependence was modulated by sex, with the result of larger insular cortex in male dependent subjects than female dependent subjects.[@b14-ndt-12-1355]

Although polysubstance users represent the largest group of individuals seeking treatment in Turkey, little is known about the structural brain abnormalities due to poly-substance use. In this volumetric MRI study, we assessed GM volume differences using whole-brain analysis by implementing VBM between male polysubstance users receiving inpatient treatment within a week of abstinence and healthy control subjects. We hypothesized that the polysubstance patients would display more widespread, extensive, and significant GM abnormalities than the control subjects.

Methods
=======

Study participants
------------------

Forty-six polysubstance use disorder patients who were under treatment in the addiction clinic of the Neuropsychiatry Istanbul Hospital between January 2013 and January 2014 and 30 healthy control subjects were enrolled in the study. We reviewed the medical records of 76 patients, and 30 patients were excluded due to a lack of sufficient data and a previous history of schizophrenia or bipolar disorder diagnoses. All participants were diagnosed of having three or more alcohol/substance dependence criteria based on *Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV)*, by two independent psychiatrists. The exclusion criteria included having a major medical or neurological illnesses, a life time history of schizophrenia and bipolar disorder, and a history of traumatic head injury. The data derived from patient records included sociodemographic data, including the following parameters: sex, age, marital status, duration of education, age of first alcohol/substance use, duration of alcohol/substance use (years), duration of regular alcohol/substance use (years), and frequency of alcohol/substance use in the past year. MRI scans were acquired on day 7 after the last alcohol/substance use. Control subjects were recruited from the community and were excluded if they met any DSM-IV criteria for lifetime dependence of alcohol or any substances except nicotine. The study was approved by the ethical committee of Uskudar University. All participant provided written informed consent. All study participants were tobacco smokers and had undergone psychometric evaluation by a trained psychiatrist via a clinical interview that employed the NPIstanbul Addiction Interview Form and Beck Depression Inventory, Beck Anxiety Inventory, Hamilton Rating Scale for Depression, and the Brief Psychiatric Rating Scale.

Image acquisition
-----------------

Imaging was performed using a 1.5 T MR scanner (Achieva, Philips Healthcare, Best, the Netherlands) with a SENSE-Head-8 coil at NPISTANBUL Neuropsychiatry Istanbul Hospital. A T1-weighted MPRAGE sequence was employed to achieve a high-resolution anatomical scan (repetition time =8.6, echo time =4, flip angle =8, voxel size 0.9375/0.9375/1.2 mm; slice spacing =1.2 mm, field of view =240 mm, and 125 slices).

VBM analyses
------------

We examined between-group differences in GM volume by using the VBM toolbox. The relevant data were processed and examined using the Statistical Parametric Mapping 8 software package (Welcome Department of Imaging Neuroscience Group, London, UK; <http://www.fil.ion.ucl.ac.uk/spm>) and the VBM8 Toolbox (<http://dbm.neuro.uni-jena.de/vbm.html>) with the default preprocessing parameters. Adaptive nonlocal means (SANLM) and a classical Markov random field model were applied to the images to remove inhomogeneity and to increase the signal-to-noise ratio.[@b15-ndt-12-1355],[@b16-ndt-12-1355] Registration to the standard Montreal Neurological Institute (MNI) space was performed using a linear affine transformation and a nonlinear deformation using a high-dimensional diffeomorphic anatomical registration through exponentiated Lie algebra (DARTEL) normalization.[@b17-ndt-12-1355] Subsequent analyses were performed on segmented GM images, which were multiplied by the nonlinear components derived from the normalization matrix to control for differences in total brain volume (modulated GM volumes). Sample homogeneity was checked using covariance matrix to identify potential outliers. To assess the quality of the normalization procedure, the normalized unsegmented images were visually inspected for gross artifacts. Finally, the segmented and modulated images were smoothed with an 8 mm full-width-half-maximum Gaussian kernel to explore volumetric differences in GM volume. Using the voxel of interest (VOI) method, the GM volumes were extracted by grouping the significant clusters as follows: thalamus, bilateral temporal lobes, superior frontal gyrus, cerebellum, anterior cingulate cortex (ACC), gyrus rectus, postcentral gyrus, and occipital cortex.

Statistical analysis
--------------------

The two groups were compared using the voxel-wise independent-sample *t*-test as implemented in the Statistical Parametric Mapping second-level model. The clusters were considered to be significant if they survived a family-wise error rate (FWE) correction at *P*-level of 0.05 (cluster forming threshold =20 voxels). To identify the associations between structural abnormalities and substance use profiles, we performed VOI analyses on cerebral tissues for which differences between groups were identified. Later, these clusters were combined to form eight VOIs (as detailed in the "VBM analyses" section). To assess the correlations between GM volumes in these VOIs and the duration of polysubstance use, we used simple correlation analyses without any correction for multiple comparisons. The GM volumes in these areas were extracted using the MarsBaR toolbox[@b18-ndt-12-1355] and transferred to Statistical Package for the Social Sciences (SPSS) for Windows, Version 11.5 (SPSS Inc., Chicago, IL, USA) for further analysis.

Results
=======

Forty-six male participants with polysubstance dependence (mean age =27.39±7.11 years) and 30 males without any known neuropsychiatric problems (mean age =29.07±5.57 years) were included in the study. The demographic variables are described in [Table 1](#t1-ndt-12-1355){ref-type="table"}. The age difference between groups was not significant (*P*=0.27). The substance use profiles of the patients with polysubstance dependence are described in [Table 2](#t2-ndt-12-1355){ref-type="table"}.

In the voxel-wise whole-brain analysis, significant group differences were observed in a number of brain areas, including the thalamus, the bilateral temporal lobes, the ACC, the left cerebellum, and the occipital areas ([Table 3](#t3-ndt-12-1355){ref-type="table"}). In these areas, the polysubstance user group had significantly smaller GM volumes. However, no significant clusters were detected in a contrast analysis exploring areas that have greater GM volumes in the polysubstance use group.

A number of significant correlations between brain GM volumes and the years of total polysubstance use were found. In correlation analyses, 17.9% of the variability in the thalamus GM volume alteration is accounted for by the years of total polysubstance use (*r*=−0.424, *P*=0.002), 21.4% of the variability in the temporal cortex volume alteration is accounted for by the years of total polysubstance use (*r*=−0.463, *P*=0.001), 17.4% variability in the superior frontal cortex GM volume alteration is accounted for by the years of polysubstance use (*r*=−0.417, *P*=0.004), 17.1% of the variability in the cerebellum GM volume alteration is accounted for by the years of polysubstance use (*r*=−0.414, *P*=0.032), 3.5% of the variability in gyrus rectus GM volume alteration is accounted for by the years of polysubstance use (*r*=−0.187, *P*=0.212), 4.4% of the variability in the postcentral gyrus GM volume alteration is accounted for by the years of polysubstance use (*r*=−0.209, *P*=0.163), 23.0% of the variability in the occipital cortex GM volume alteration is accounted for by the years of polysubstance use (*r*=−0.480, *P*=0.001), 10.9% of the variability in the ACC GM volume alteration is accounted for by the years of polysubstance use (*r*=−0.331, *P*=0.025). No statistically significant correlations were observed between the Beck Depression Inventory, Beck Anxiety Inventory, Hamilton Rating Scale for Depression, and Brief Psychiatric Rating Scale scores and the GM volumes (*P*\>0.05) among poly-substance users.

Discussion
==========

The main finding of this study is that a widespread and extensive smaller GM volume has been found at different regions of the frontal, temporal, occipital, and parietal lobes, cerebellum, and ACC among polysubstance users. Smaller GM volumes notably in the frontal cortex (superior frontal, gyrus rectus),[@b8-ndt-12-1355],[@b11-ndt-12-1355] ACC,[@b12-ndt-12-1355] thalamus,[@b13-ndt-12-1355] temporal cortex (temporal pole, superior temporal gyrus),[@b12-ndt-12-1355] and cerebellum[@b11-ndt-12-1355] were consistent with previous studies. The smaller GM volumes in the thalamus, superior temporal gyrus, and ACC in the poly-substance users are shown in [Figure 1](#f1-ndt-12-1355){ref-type="fig"}. Smaller GM volumes in the occipital lobe and parietal lobe (postcentral gyrus) among polysubstance users are one of the new findings of this study. Smaller GM volumes in the occipital lobe have been reported previously among cocaine abusers,[@b19-ndt-12-1355] and smaller GM volumes in the postcentral gyrus have been reported previously in stimulant drug-dependent[@b20-ndt-12-1355] and heroin-dependent[@b19-ndt-12-1355] patients. The significant correlations between GM changes in the thalamus, temporal cortex, superior frontal cortex, cerebellum, and occipital cortex and years of polysubstance use are shown in [Figure 2](#f2-ndt-12-1355){ref-type="fig"}.

Only a few studies have investigated the structural brain abnormalities associated with the combined use of substances such as cannabis, synthetic cannabis, alcohol, opiate, cocaine, methamphetamine, and other psychostimulants. In this study, we aimed to examine GM volumes using the VBM in whole-brain analyses. Previous studies that assessed structural abnormalities among polysubstance users have some methodological differences regarding neuroimaging analysis techniques and patients' characteristics. Most of these previous studies of polysubstance users have focused on a single region[@b10-ndt-12-1355] or the major lobes, especially the frontal cortex[@b8-ndt-12-1355],[@b13-ndt-12-1355] rather than performing a whole-brain analysis. One of the previous studies used a semi-automated procedure,[@b8-ndt-12-1355] while in another study, automated procedures were used[@b10-ndt-12-1355] to perform volumetric assessments.

Because a limited number of studies have been performed and because methodological differences and heterogeneity of patient characteristics exist among those studies, the published results are variable. Therefore, it is not possible to attribute the observed volume differences to the use of a single substance. The question of whether the combined use of more than two substances is the cause or the result of these brain structural abnormalities remains unclear. While the unique effect of each substance on the brain is well known, no clear evidence is available concerning the consequences of the interactions between two or more substances. Neuropathological studies suggest that smaller GM volumes could be caused by the shrinkage of neuronal cell bodies or the loss of axonal and/or dendritic processes.[@b20-ndt-12-1355],[@b21-ndt-12-1355] Chronic alcohol consumption activates some inflammatory mediators that may cause inflammatory injury, cell death, and neurodegeneration.[@b22-ndt-12-1355] Dietary changes and the pattern and history of alcohol use may cause differences in brain volume. The anti-inflammatory effects of cannabinoids (CBs) via CB2 receptors may have a neuroprotective effect on the thalamic and midbrain structure.[@b12-ndt-12-1355] Stimulant (cocaine, 3,4-methylenedioxy-methamphetamine, methamphetamine) use could mask the GM reduction due to inflammation-induced brain volume enlargement.[@b23-ndt-12-1355] Although 3,4-methylenedioxy-methamphetamine has less neurotoxic effects than methamphetamine, structural abnormalities among stimulant users may have been derived from stimulant-mediated neurotoxicity.[@b24-ndt-12-1355] Chronic opiate exposure may cause altered dendritic spine density and neuronal apoptosis leading to a smaller GM volume.[@b25-ndt-12-1355]

Abstinence is the other confounding factor for sparse results. Each study employed a different abstinence periods. Mon et al[@b13-ndt-12-1355] carried out their study among outpatients after a 1-month-abstinence period. Another study included 2-year-abstinent patients as the study sample.[@b14-ndt-12-1355] The substance abstinence period is an important factor in determining how much the brain can repair itself during the period of prolonged abstinence and is related to vulnerability, which presents itself with relapses. This study was conducted in the early abstinence period during residential treatment in the psychiatry service.

Grodin et al[@b12-ndt-12-1355] indicated that alcohol-dependent patients have smaller GM volumes than alcohol-dependent patients with polysubstance use regarding the anti-inflammatory effects of CBs. Ersche et al reported that stimulant-dependent individuals and their nondependent siblings have smaller GM volumes in the left postcentral gyrus, superior temporal gyrus, and posterior insula than the control subjects. Ersche et al[@b4-ndt-12-1355] speculated that an individual's predisposition to addiction may be mediated by brain abnormalities. Liu et al speculated that smaller GM volumes in the frontal lobe of substance users may reflect developmental hypoplasia. On the other hand, those authors pointed out that a smaller GM volume in the frontal lobe may reflect the chronic effects of substance use.[@b8-ndt-12-1355] ACC dysfunctions have been associated with stress-induced craving, poor inhibitory control, impaired insight, and less motivation to change.[@b26-ndt-12-1355] Stimulant users have been reported to have less cortical GM and a larger striatal volume than control subjects.[@b24-ndt-12-1355],[@b27-ndt-12-1355] Although most of our patients were stimulant users (n=40), we did not find any larger striatal volumes in patients compared to the controls.

As a result, the type and characteristics of the substances used, the duration of alcohol/substance use, interactions of the different substances, the structural differences present before the initial use, the effects of occasional/recreational use, and the abstinence period can all affect the structural brain volumes. It is not easy to come up with direct conclusion about the causality of these brain structural abnormalities within this heterogeneous sample. There is long way to solve the puzzle whether these brain abnormalities are caused by the toxic or degenerative effects of the substances, or these structural abnormalities predispose certain individuals to illicit substance use.

The results reported in this study should be considered in light of certain limitations. First, the heterogeneity and the modest sample size (n=46) might be considered as a limitation. Future structural neuroimaging studies in more homogeneous polysubstance populations would provide more insights into the brain abnormalities that occur in polysubstance users. Our neuroimaging study reveals extensive smaller GM volumes at specific brain regions in male polysubstance users receiving treatment in comparison to the controls. Second, we only included male subjects to eliminate any confounding factors associated with sex differences. Therefore, the results of this study may not be generalizable to female and treatment-naïve substance users. It remains unclear to what extent structural changes are due to the ongoing illness process and to what extent to medication and how different psychotropic medications affect neuroimaging measures. Another limitation of our study is that we did not screen the participants for *DSM-IV* Axis II disorders. We did not assess mental diseases other than the schizophrenia and bipolar disorders that could affect the structural abnormalities. Subclinical symptoms such as psychotic and affective features were not taken into account. Scanning the subjects a week after the last alcohol use may be other confounding factor. We did not assess the cognitive functions that might be correlated with smaller GM volumes among polysubstance users. Prospective studies will help to clarify whether some correlations exist between GM volumes and cognitive functions. It is well known that smoking has substantial effects on brain volume[@b28-ndt-12-1355] especially smaller volume in the left thalamus, medial frontal cortex, and ACC.[@b29-ndt-12-1355] Although all of our participants were tobacco smokers, we did not take the history of smoking status, which might present as a limitation of the study. Severity of nicotine dependence and the starting age of smoking may affect the brain volumes. Furthermore, we did not take alcohol use into account that did not reach to the level of addiction or abuse among both patients and healthy controls. The severity of nicotine dependence and alcohol use may present potential confounding factors in this study.

Conclusion
==========

This study provided evidence for the existence of smaller GM volumes in polysubstance use disorder patients. The results of this study may help to improve prevention and treatment programs for polysubstance users. Recognizing the structural abnormalities as a cause or the consequences of the polysubstance use may help to detect vulnerable individuals and encourage them to seek treatment. Results of our study would help to destigmatize substance user patients in the society and even among mental health professionals as it would strengthen the concept of addiction as a brain disease, not character or will power defect. The relationship between specific brain volumes and clinical prognosis should be investigated in further longitudinal studies.
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![Voxel-based morphometric analysis of polysubstance users (n=46) and healthy control patients (n=30).\
**Notes:** Areas of significantly lower GM volumes in polysubstance users than in healthy controls in the thalamus (yellow arrow) and right superior temporal (green arrow) and prefrontal region (white arrow) presented with an (**A**) axial, (**B**) coronal, and (**C**) sagittal view of T1-weighted template.](ndt-12-1355Fig1){#f1-ndt-12-1355}

![Correlations between years of polysubstance use and GM volumes in the (**A**) thalamus, (**B**) temporal cortex, (**C**) superior frontal cortex, (**D**) cerebellum, and (**E**) occipital cortex (n=46).\
**Abbreviation:** GM, gray matter.](ndt-12-1355Fig2){#f2-ndt-12-1355}

###### 

Sociodemographic characteristics of the participants

                                                            Polysubstance users (n=46)   Control subjects (n=30)   *P*-value
  --------------------------------------------------------- ---------------------------- ------------------------- -----------
  Age (years)                                               27.39±7.11                   29.07±5.50                0.27
  Duration of education (years)                             11.48±3.01                   11.70±2.70                0.74
  Marital status, n (%)                                                                                            0.64
   Single                                                   28 (60.9)                    15 (50.0)                 
   Married                                                  17 (37.0)                    14 (46.7)                 
   Divorced                                                 1 (2.2)                      1 (3.3)                   
  Employment status, n (%)                                                                                         0.02
   Unemployed                                               21 (45.7)                    8 (26.7)                  
   Employed (full-time)                                     4 (8.7)                      10 (33.3)                 
   Employed (part-time)                                     21 (45.7)                    12 (40.0)                 
  Number of the different substances used                   4.08±0.38                                              
  Age of first alcohol use (years)                          14.34±1.91                                             
  Age of first substance use (years)                        16.28±4.22                                             
  Age of onset of regular alcohol use (years)               19.19±3.92                                             
  Age of onset of regular substance use (years)             19.80±4.96                                             
  Duration of regular alcohol use (years)                   8.80±6.63                                              
  Duration of regular substance use (years)                 7.50±4.15                                              
  Total duration of substance use (years)                   11.73±5.87                                             
  Number of days of substance use in the past year (days)   301.30±39.40                                           
  Number of days of alcohol use in the past year (days)     174.53±121.77                                          
  Duration of lifetime cannabis use (years)                 8.89±4.79                                              
  Duration of lifetime synthetic cannabis use (years)       1.95±0.63                                              
  Duration of lifetime cocaine use (years)                  3.60±2.74                                              
  Duration of lifetime opioid use (years)                   3.93±3.01                                              
  Duration of lifetime MDMA use (years)                     5.72±4.60                                              
  Duration of lifetime volatile use (years)                 5.50±4.67                                              
  Duration of lifetime sedative use (years)                 6.40±6.06                                              
  Duration of lifetime methamphetamine use (years)          1.80±0.83                                              
  BPRS                                                      24.86±11.98                                            
  HRSD                                                      11.10±7.21                                             
  BAI                                                       9.45±7.26                                              
  BDI                                                       8.95±5.85                                              

**Abbreviations:** MDMA, 3,4-methylenedioxy-methamphetamine; BPRS, Brief Psychiatric Rating Scale; HRSD, Hamilton Rating Scale for Depression; BAI, Beck Anxiety Inventory; BDI, Beck Depression Inventory.

###### 

Lifetime alcohol/substance dependence diagnosis of polysubstance use disorder patients

  Alcohol/substance    n (%)       Duration of use, years (mean ± SD)
  -------------------- ----------- ------------------------------------
  Cannabis             46 (100)    8.89±4.47
  MDMA                 34 (73.9)   5.72±4.60
  Alcohol              26 (56.5)   8.80±6.63
  Synthetic cannabis   23 (50.0)   1.95±0.63
  Cocaine              20 (43.5)   3.60±2.74
  Opioid               15 (32.6)   3.93±3.01
  Volatile             10 (21.7)   5.50±4.67
  Sedative             5 (10.9)    6.40±6.06
  Methamphetamine      5 (10.9)    1.80±0.83

**Abbreviation:** MDMA, 3,4-methylenedioxy-methamphetamine.

###### 

Talairach coordinates for regions of lower GM volume

  ROI                                       Peak coordinates   *T* value   Cluster size (voxels)           
  ----------------------------------------- ------------------ ----------- ----------------------- ------- -------
  Thalamus                                  6                  −4.5        3                       10.08   3,952
  −4.5                                      −7.5               4.5         8.90                            
  −4.5                                      −19.5              0           8.27                            
  Left middle/superior temporal gyrus       −61.5              −4.5        −12                     7.69    2,345
  −61.5                                     −10.5              6           7.45                            
  −57                                       1.5                0           7.40                            
  Right occipital lobe                      18                 −96         21                      6.20    121
  Left occipital lobe                       −42                −81         −12                     5.87    141
  Left postcentral gyrus                    −60                −9          28.5                    5.84    316
  Right temporal pole                       60                 4.5         −1.5                    5.58    29
  Right superior frontal                    27                 52.5        18                      5.46    64
  Left cerebellum                           −39                −69         −55.5                   5.45    103
  −33                                       −64.5              −60         5.13                            
  Left lingual gyrus                        10.5               −69         −55                     5.37    29
  Anterior cingulate gyrus                  0                  33          15                      5.35    109
  0                                         43.5               −6          5.12                            
  Right superior temporal gyrus/operculum   60                 −9          7.5                     5.29    81
  63                                        −15                12          5.18                            
  Rectal gyrus                              1.5                40.5        −27                     5.19    105

**Abbreviations:** GM, gray matter; ROI, region of interest.
